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ABSTRACT The possibility of providing the acetogenic microorganism Sporomusa ovata with electrons delivered directly to the
cells with a graphite electrode for the reduction of carbon dioxide to organic compounds was investigated. Bioﬁlms of S. ovata
growingongraphitecathodesurfacesconsumedelectronswiththereductionofcarbondioxidetoacetateandsmallamountsof
2-oxobutyrate.Electronsappearingintheseproductsaccountedforover85%oftheelectronsconsumed.Theseresultsdemon-
stratethatmicrobialproductionofmulticarbonorganiccompoundsfromcarbondioxideandwaterwithelectricityastheen-
ergysourceisfeasible.
IMPORTANCE Reducingcarbondioxidetomulticarbonorganicchemicalsandfuelswithelectricityhasbeenidentiﬁedasanat-
tractivestrategytoconvertsolarenergythatisharvestedintermittentlywithphotovoltaictechnologyandstoreitascovalent
chemicalbonds.Theorganiccompoundsproducedcanthenbedistributedviaexistinginfrastructure.Nonbiologicalelectro-
chemicalreductionofcarbondioxidehasprovenproblematic.Theresultspresentedheresuggestthatmicrobiologicalcatalysts
maybearobustalternative,andwhencoupledwithphotovoltaics,current-drivenmicrobialcarbondioxidereductionrepre-
sentsanewformofphotosynthesisthatmightconvertsolarenergytoorganicproductsmoreeffectivelythantraditional
biomass-basedstrategies.
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T
he intermittent nature of renewable sources of energy, most
notably solar and wind, is leading to a search for strategies to
capture the electrical energy produced from these sources in co-
valent chemical bonds, producing compounds that can readily be
stored and consumed on demand, preferably within the existing
infrastructure (1). One particularly attractive option is to reduce
carbon dioxide to produce multicarbon organic compounds that
are precursors for desirable organic chemicals or liquid transpor-
tation fuels (2). Basic requirements for a practical system to ﬁx
carbon dioxide in this manner include (i) the ability to use elec-
trons derived from water as an abundant, inexpensive source of
reductant (1, 2); and (ii) inexpensive, durable catalysts (3).
Reaction thermodynamics suggests that it should be readily
feasible to electrochemically reduce carbon dioxide to a diversity
of organic compounds, and this process has been studied for over
ahundredyears(4,5).However,inpractice,abioticelectrochem-
ical reduction of carbon dioxide has not proven practical in large
part due to (i) poor long-term stability of the cathodes, (ii) non-
speciﬁcity of products produced, (iii) sluggishness of carbon di-
oxidereduction,(iv)competitionwithhydrogenproduction,and
(v) cathode expense (3). Incorporating enzyme catalysts on elec-
trodes may promote more speciﬁc product formation from elec-
trochemical reduction of carbon dioxide and lower the energy
required for reduction (3), but experiments on enzymatic reduc-
tionhavetypicallylastedonlyamatterofhours,reﬂectingthefact
thatenzymesadsorbedtoelectrodesdonothavelong-termstabil-
ity.
Acetogenic bacteria can reduce carbon dioxide to acetate and
other multicarbon extracellular products with hydrogen as the
electron donor (6, 7). However, supplying acetogens with hydro-
gen that is produced electrochemically is unlikely to be practical
because it would require expensive catalysts and/or substantial
energy inputs (8). An alternative might be to directly feed aceto-
gens electrons with electrodes. Geobacter and Anaeromyxobacter
species have previously been shown to accept electrons from
graphiteelectrodesforthereductionoffumaratetosuccinate(9),
the reduction of nitrate to nitrite (9), U(VI) reduction (10), or
reductivedechlorination(11,12).Ithasalsobeensuggestedthatit
maybepossibletodirectlysupplymethanogenicmicroorganisms
electrons at electrode surfaces for carbon dioxide reduction to
methane (13), but this has been difﬁcult to verify because there
canbesigniﬁcantelectrochemicalhydrogenproductionatthelow
electrode potentials required for active methanogenesis (14).
CulturinginHcells.Weevaluatedthepossibilityoffeedingan
acetogen electrons from an electrode with Sporomusa ovata (15)
(Deutsche Sammlung Mikroorganismen und Zellkulturen
[DSMZ]culture2662).Cellsweregrowninthecathodechambers
of“Hcells”(Fig.1a),whichhavepreviouslybeenusedtoevaluate
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cathode and anode were comprised of unpolished graphite sticks.
The anode and cathode chambers, each containing 200 ml of me-
dium, were separated with a Naﬁon cation-exchange membrane.
A potentiostat maintained a potential difference between the an-
odeandcathode.Electronsextractedfromwaterattheanodewere
delivered to the cathode at 400 mV (versus standard hydrogen
electrode), a potential well above the 600 mV necessary to pro-
duce even low levels of hydrogen with unpolished graphite (8).
The lack of hydrogen production was veriﬁed by directly measur-
inghydrogenconcentrationswithareductiongasanalyzeraspre-
viouslydescribed(9).Inmostinstances,theelectricalcurrentwas
obtained from a standard electrical outlet, but a solar-powered
potentiostat(Fig.1a),comprisedofasolarpanelandvoltagecon-
trol unit built with standard electrical components, could also
support the system.
An inoculum of S. ovata was grown with hydrogen as the elec-
tron donor (H2-CO2 [80:20]) in the DSMZ-recommended
growth medium (DSMZ 311) with betaine, Casitone, and resa-
zurin omitted. The hydrogen-grown cells were introduced into
the cathode chamber in the same medium but with the yeast ex-
tract and the cysteine and sulﬁde reductants omitted. This
bicarbonate-based medium contained no organic compounds
other than a vitamin mixture, and carbon dioxide was the sole
electron acceptor. The culture was initially bubbled with a
hydrogen-containing gas mixture (N2-CO2-H2 [80:13:7]) as an
additional electron donor to accelerate the growth of a bioﬁlm on
the cathode surface. Acetate was measured with high-
performance liquid chromatography (HPLC) (16). Once acetate
reached 10 mM, 50% of the medium was replaced with fresh me-
dium. This process was repeated three times. This periodic re-
moval of planktonic cells promoted bioﬁlm growth on the cath-
ode.ThegasphasewasthenswitchedtoN2-CO2(80:20).Oncethe
consumption of current was observed (within 24 h), the system
wasswitchedtoﬂowthroughmodeinwhichfreshmediummain-
tained under N2-CO2 was continuously introduced (0.1 ml/min;
dilutionrateof0.03h1)aspreviouslydescribed(16,17).Hydro-
gen partial pressures in the headspace remained less than 10 ppm
throughout the study, ca. 2 orders of magnitude below the mini-
mum threshold for acetate production from hydrogen by aceto-
gens (18).
Systems with S. ovata steadily consumed current with the pro-
duction of acetate and small amounts of 2-oxobutyrate (Fig. 1b).
Uninoculated controls did not consume current or produce or-
ganic acids. If the current supply to the S. ovata bioﬁlm was inter-
rupted, acetate and 2-oxobutyrate production stopped.
Although it was not possible to measure carbon dioxide con-
sumption due to the high concentrations of bicarbonate in the
medium,itwaspossibletocalculateanelectronbalance.Electrons
appearing in acetate accounted for a high proportion of the elec-
trons that the cultures consumed (Fig. 1b). In three replicate cul-
tures,theelectronrecoveryinacetateand2-oxobutyratewas86%
 21% of the electrons transferred at the cathodes. These results
demonstrated that S. ovata could accept electrons from graphite
electrodes with the reduction of carbon dioxide and that most of
the electrons transferred from the electrodes to the cells were di-
verted toward extracellular products, rather than biomass forma-
tion.TheS.ovatacathodebioﬁlmswererobustandhavebeenrun
for periods of more than 3 months without losing their capacity
for current consumption and acetate production.
Thelong-termviabilityofS.ovatabioﬁlmswasfurtherevident
from confocal scanning laser microscopy of a bioﬁlm that had
been ﬁxing carbon dioxide for 3 months. The cells in bioﬁlms
treated with LIVE/DEAD BacLight viability stain, as previously
described(16,17),stainedgreen,suggestingthattheywerehealthy
and metabolically active (Fig. 2a). The bioﬁlms were relatively
thin, similar to the bioﬁlms previously described for other micro-
organisms growing on cathodes (9, 11, 12). This was further con-
ﬁrmedwithscanningelectronmicrographsofthecathodesurface
(Fig. 2b), prepared as previously described (19). The cells ap-
FIG 1 (a) H-cell device for supplying cathode bioﬁlms of S. ovata electrons derived from water. The solar-powered option is illustrated. 8 e, 8 electrons. (b)
ElectronconsumptionandproductformationbyarepresentativeS.ovatabioﬁlmovertime.Thedatashownwereobtainedwithasystemconnectedtoastandard
electric current. The mean standard errors of the organic acid and current measurements were 2% and 13%, respectively.
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wouldbeexpectedfordirectelectrode-to-cellelectrontransfer(9,
11, 12). There was no visible turbidity in the cathode chamber,
consistent with previous studies on direct electrode-driven respi-
ration (9–12) and further suggesting that bioﬁlm cells were pri-
marily responsible for current consumption and carbon dioxide
reduction.
Implications. These results demonstrate that S. ovata is capa-
bleofusingelectronsderivedfromanelectrodeasthesoleelectron
donor for the reduction of carbon dioxide to acetate. The high
coulumbicefﬁcienciesofacetateproduction(electronsappearing
in acetate/electrons consumed as current) are consistent with the
following reaction: 2CO2  2H 2O ¡ CH3COOH  2O2.
This conversion of carbon dioxide and water to an organic
compound and oxygen is the same net reaction as oxygenic pho-
tosynthesis. We propose the term microbial electrosynthesis for
the reduction of carbon dioxide to multicarbon compounds with
electronsdonatedfromanelectrodeastheelectrondonor.Micro-
bial electrosynthesis differs signiﬁcantly from photosynthesis in
that carbon and electron ﬂow is directed primarily to the forma-
tion of extracellular products, rather than biomass. Biomass typ-
icallyrequiresextensiveadditionalprocessingforchemicalorfuel
production. When coupled to a photovoltaic system, microbial
electrosynthesis offers a new photosynthetic technology for the
production of organic products with the added advantage that
photovoltaic technology is orders of magnitude more effective in
capturing solar energy than photosynthesis is (20).
Although acetate has economic value (6), a more important
consideration is that acetate is formed from acetyl coenzyme A
(acetyl-CoA) (6, 7), which is the central intermediate for the ge-
neticallyengineeredproductionofawiderangeofchemicalcom-
modities as well as potential liquid transportation fuels (21, 22).
The fact that small amounts of 2-oxobutyrate were produced, in
additiontoacetate,demonstratesthatevenwithoutanyengineer-
ing, some carbon and electron ﬂow was diverted away from ace-
tateproduction.TheacetogenClostridiumljungdahliihasrecently
beengeneticallyengineeredtoproducethegasolinesubstitutebu-
tanol from acetyl-CoA (23). Attempts to genetically engineer
S. ovata and other acetogens to produce products other than ace-
tate via microbial electrosynthesis are under way.
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